We report a novel mechanism for the electrical injection and detection of out-ofplane spin accumulation via the anomalous spin Hall effect (ASHE), where the direction of the spin accumulation can be controlled by manipulating the magnetization of the ferromagnet. This mechanism is distinct from the spin Hall effect (SHE), where the spin accumulation is created along a fixed direction parallel to an interface. We demonstrate this unique property of the ASHE in nanowires made of permalloy (Py), to inject and detect out-of-plane spin accumulation in a magnetic insulator, yttrium iron garnet (YIG). We show that the efficiency for the injection/detection of out-of-plane spins can be up to 50% of that of in-plane spins. We further report the possibility to detect spin currents parallel to the Py/YIG interface for spins fully oriented in the out-ofplane direction, resulting in a sign reversal of the non-local magnon spin signal. The new mechanisms that we have demonstrated are highly relevant for spin torque devices and applications.
Electrical injection and detection of spin currents plays an essential role for the technological implementation of spintronics. The conventional way of electrical spin injection is by driving a spin-polarized current from a ferromagnet into a normal metal.
1 This method, however, is limited in the scalability and direction of the injected spin current, which is parallel to the charge current, and has motivated the study of alternative methods based on the spin Hall effect (SHE) present in heavy non-magnetic metals.
2,3 The SHE generates a spin current perpendicular to a charge current, which is particularly significant for spin torque applications 4-8 and for spin injection into magnetic insulators.
9-11
However, the spin direction of the spin accumulation generated via the SHE is fixed, parallel to the interface, depending only on the direction of the charge current through the heavy non-magnetic metal [Fig. 1(a) ]. Alternatively, the anomalous Hall effect 12 in ferromagnetic metals can be used as a tunable source of transverse spin current, as has been theoretically predicted [13] [14] [15] and recently demonstrated experimentally. [16] [17] [18] [19] We call this phenomenon the anomalous spin Hall effect (ASHE), which generates a spin accumulation oriented parallel to the ferromagnet's magnetization [ Fig. 1 (b) -1(d)]. In principle, the ASHE provides a novel way of electrically injecting and detecting a spin accumulation with out-ofplane components, which can be controlled by manipulating the ferromagnet's magnetization.
Here, we experimentally demonstrate the versatility of the ASHE for electrically injecting and detecting spin accumulation oriented in arbitrary directions, parallel to the ferromagnet's magnetization, in a proof-of-concept device geometry. We utilize the ASHE in a nanowire made of a ferromagnetic metal, permalloy (Ni 80 Fe 20 , Py), to inject a magnon spin accumulation in a magnetic insulator, yttrium iron garnet (Y 3 Fe 5 O 12 , YIG). The injected magnon spins are electrically detected at a second Py nanowire. This non-local geometry, shown in Fig. 2(a) , and the insulating property of the YIG film ensure that we exclusively address spin-dependent effects, free from magnetoresistance due to the magnetization of the Py nanowire (M Py ). Moreover, the YIG film serves as a selector of the spin components from the Py injector, since only the spin component parallel to the YIG magnetization (M YIG ) will result in the generation of magnon spin accumulation in the YIG film. 9 We apply an external magnetic field (B) at different out-of-plane angles for the distinct manipulation of the magnetizations M Py and M YIG . Therefore, we control both the direction of the injected and detected spin accumulation generated by the ASHE (parallel to M Py ), and the efficiency of the magnon injection and detection process (via the projection of M Py on M YIG ).
Furthermore, we detect a finite non-local signal with a negative sign when both M Py and M YIG are oriented fully perpendicular to the sample (xy) plane. We attribute this to a second mechanism of generation and detection of horizontal spin currents, parallel to the Py/YIG interface. The efficiency of this injection/detection mechanism is maximum when the spins are fully oriented in the out-of-plane direction. Besides its possible use for magnon transistor and magnon-based logic operations, 20-22 this model system is also highly relevant for spin torque applications.
4-8
The devices were patterned using electron beam lithography on a 210 nm thick YIG film, grown on a GGG (Gd 3 Ga 5 O 12 ) substrate by liquid-phase epitaxy. A scanning electron microscope (SEM) image of a representative device is shown in Fig. 2(b) . The devices consist of two Py nanowires (left and middle) and one Pt nanowire (right) with thicknesses of 9 nm (Py) and 7 nm (Pt), respectively. The Py and the Pt nanowires were deposited by d.c. sputtering in Ar + plasma. Electron beam evaporation was used to deposit the Ti/Au leads and bonding pads following the final lithography step. The middle Py nanowire is used as the spin injector, while the outer Py and Pt nanowires are used as detectors.
The width of the middle Py injector is 200 nm and that of the outer Py and Pt detectors is 400 nm. The edge-to-edge distance between the injector and the detectors is 500 nm.
The electrical connections are also depicted in Fig. 2 To explore the injection/detection of out-of-plane spins, we performed magnetic field (B)
sweeps within the xz-plane, at different angles φ with respect to the x-axis [see Fig. 2(a) ].
The first harmonic responses (R . Therefore, the maximum non-local signal is attained for φ = 0 o when B > 50 mT, corresponding to M Py oriented along the x-axis.
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As the angle φ is increased, the z-components of M Py (M This result cannot be explained within the standard framework of (SHE driven) transport dominated by in-plane spins, where a vanishing signal is expected. 9-11 We therefore argue that such a negative signal can only be understood by the injection/detection mechanism of spin currents parallel to the x-axis via the ASHE, the efficiency of which is maximized for spins oriented fully along the z-axis [see Fig. 1(d) ]. This is consistent with R 1f NL measured by the Pt detector, which is zero, as expected from the lack of the ASHE detection in the Pt nanowire. Thus, a spin accumulation with an exclusively out-of-plane component can only be injected and detected via the ASHE and, in our sample geometry, results in a distinct negative polarity of the non-local signal. We use the extracted magnetization behaviour of the Py nanowires and the YIG film to model the first harmonic response via the following expressions,
where 
1/2 and c = 2.37 (mΩ) 1/2 , which are extracted by fitting the experimental data at φ = 0 o , and are in close agreement with our previously reported values.
The first part of Eq. 1 within the square brackets accounts for the spin current directed perpendicular to the Py/YIG interface, as depicted in Fig. 4 (a). The term with the coefficient a is related to the (constant) spin accumulation along the x-axis due to the SHE in Py, which is independent of M Py . This term only depends on M x YIG since the generation of magnons is proportional to the projection of M YIG on the spin accumulation direction. The term with the coefficient b is related to the ASHE in Py, which is maximized when M Py is parallel to the x-axis. The ASHE generates a spin accumulation parallel to M Py , thus the magnon generation is also proportional to the projection of M Py on M YIG . This term includes both the in-plane and the out-of-plane components of the spin accumulation. Since the injection and detection processes are reciprocal, the term within the square brackets is squared.
The second part of Eq. 1, within the square brackets and preceded by a negative sign, accounts for the spin current parallel to the Py/YIG interface, as depicted in Fig. 4(b) .
The contribution of this part to the magnon injection and detection processes is maximum for out-of-plane spins. It is clear from the symmetry of the ASHE and our measurement geometry that the detection of such in-plane spin currents, with spins oriented in the outof-plane direction, will result in a negative non-local signal measured by the Py detector we obtain η = 61%. Note that the detection of the spin current parallel to the interface is achieved exclusively via the ASHE. This is evident in the lack of a negative signal while using the Pt nanowire as a detector, where the only detection mechanism is via the ISHE. Thus the Pt nanowire is only sensitive to the spin current perpendicular to the Pt/YIG interface for in-plane spins. Eq. 2 describes the spin injection by the Py injector (following Eq. 1) and the detection via the ISHE in the Pt nanowire. The present demonstration of electrical injection and detection of spin accumulation in arbitrary directions is highly desirable in spintronics. We envision that the use of out-of-plane spins within transverse spin currents, in a common ferromagnetic metal like permalloy, has the potential to impact spintronic-based technologies like spin-transfer-torque memories 
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A magnetic field B is applied at an angle φ with respect to the x-axis, as shown in Firstly, we write the magnetization of the Py as
and we define the angle between M Py and three coordinate axes, θ i , as
where i = x, y, z.
In order to find out M Py under a given B, we can write down the magnetism-related energy density ε m for Py
where the first term is the Zeeman energy term
and the second term is the anisotropy term
where K 
from which we can model the magnetization behaviour of Py in the large field regime (B > B c ). Combined with the solution of Eqs. 9, 10 and 11 for B < B c , we get the behaviour of M Py in the full field range. Here, we give two examples of the modelled M Py for φ = 27
• , 67
• as shown in Fig. 5(b) .
Secondly, the orientation of M YIG is also related to B, the saturation magnetization (M s YIG ) and the shape of the magnet, i.e. the 210-nm-thick thin YIG film in our case. We define the angle between M YIG and three coordinate axes, γ i , as
where i = x, y, z. Since the YIG film is a very soft magnet with significant in-plane shape anisotropy, i.e. the in-plane coercive field is ∼ 0.6 mT and the out-of-plane coercive field is ∼ 200 mT. We assume it has an isotropic easy plane and an out-of-plane hard axis. We also assume that M YIG lies in the same plane as B, i.e. xz-plane. Therefore, we can write down the M YIG as
which gives rise to the similar situation for the Py magnetization when B > B c . In order to find out the orientation of the magnetization under an external magnetic field B, we can write down the magnetism-related energy density ε m YIG for YIG. Doing the minimizing procedure for ε m YIG , we obtain the formula with the same form as Eq. 12 for YIG as
based on which we model the magnetization behaviour of YIG. In Fig. 5(c 
Control device with Pt injector and Pt detector
As a control experiment, we fabricated a device with a Pt injector and a Pt detector on the same chip and with the same edge-to-edge separation of 500 nm. Magnetic field sweep measurements were carried out at different tilt angles (φ) in the xz-plane, as described in the main text. The first (R . The magnitude and the direction of the spin current generated due to the ASHE is given by M × I , with the spin accumulation direction parallel to M . Spin accumulation with both in-plane and out-of-plane components is generated at the bottom interface when M tilts out of the plane, as shown in (c). The contribution of the out-of-plane component of the spin accumulation at the bottom interface is given by sin θ cos θ and reaches a maximum of 50% when θ = 45
• , compared to the contribution of the in-plane spin component at the bottom interface when θ = 0
• . Spin accumulation exclusively oriented perpendicular to the top/bottom interface is achieved at the edges when M is oriented completely in the outof-plane direction, as shown in (d). The dashed arrows indicate the directions of the spin current. . This mechanism has the maximum contribution to V NL for in-plane spins. (b) Mechanism for spin current injection and the detection along the x direction, parallel to the Py/YIG interface, resulting in a negative V NL . This mechanism has the maximum contribution to V NL for out-of-plane spins. The individual contribution of the two different mechanisms to the non-local resistance (R NL ) measured by the Py detector, following Eq. 1, has been plotted in (c) for the injection and detection of vertical spin current, and in (d) for the injection and detection of horizontal spin current. 
